The observed cloud-level atmospheric circulation on the outer planets of the Solar System is dominated by strong east-west jet streams. The depth of these winds is a crucial unknown in constraining their overall dynamics, energetics and internal structures. There are two approaches to explaining the existence of these strong winds. The first suggests that the jets are driven by shallow atmospheric processes near the surface [1] [2] [3] , whereas the second suggests that the atmospheric dynamics extend deeply into the planetary interiors 4, 5 . Here we report that on Uranus and Neptune the depth of the atmospheric dynamics can be revealed by the planets' respective gravity fields. We show that the measured fourth-order gravity harmonic, J 4 , constrains the dynamics to the outermost 0.15 per cent of the total mass of Uranus and the outermost 0.2 per cent of the total mass of Neptune. This provides a stronger limit to the depth of the dynamical atmosphere than previously suggested 6 , and shows that the dynamics are confined to a thin weather layer no more than about 1,000 kilometres deep on both planets.
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Measurable perturbations to the gravity fields of Uranus and Neptune can result from mass anomalies due to two sources-the rapid rotation of these planets, which distorts the planets into a nonspherical (oblate) shape, and density perturbations, which result from fast atmospheric winds 6-10 organized on both planets into a broad zone of westward flow near the equator and eastward flow at high latitudes (Fig. 1) . The gravity field can be decomposed into spherical gravity harmonics, (J n ), which are defined as a weighted integral over the planets' density distribution, J n~{ Ma n ð Þ {1 Ð P n rr n d 3 r, where P n is the nth Legendre polynomial, M is the planetary mass, a is the mean planetary radius, r is the local density and r is the local radius 11 . On planets with internal dynamics (winds), the density is perturbed by the flow so that the total density in J n can be written as r 5 r static 1 r9, where the density r static is the hydrostatic density, and r9 are the density fluctuations arising from internal dynamics. The gravity harmonics, can be then similarly decomposed into two parts J n~J static n zDJ dyn n , where the first part (J static n ) is due to the oblateness and radial density distribution of the planet and the second part (DJ dyn n ) is due to the dynamical perturbations arising from winds 8, 10 . In order to place an upper bound on the depth of the atmospheric circulation on Uranus and Neptune, we determine the difference between the observed J 4 and J resulting from wind-free models set to match all other observational constraints besides J 4 . Any difference in these quantities places constraints on the meteorological contribution to J 4 . Of course, the observed J 4 has uncertainties; moreover, there exists a full family of interior models r static with different J values. Therefore, this difference can take on a wide range of possible values. Here we determine the maximum possible difference, which then determines the maximum possible contribution that dynamics can make to J 4 .
To determine the widest possible range of J values, we compute an ensemble of interior density profiles, r static (r), for each planet, calculated using the theory of figures 12 , to third order, constrained to match the total mass, J 2 , mean radius, and the atmospheric density and its derivative at a pressure level of 1 bar (see Supplementary Information 14, 15 . Results from models using more sophisticated equations of state 6, [16] [17] [18] [19] are within the same range for both planets. On the basis of the J 14, 15 , and assuming DJ 27, 28 . The solid line is an empirical fit to the data 28 . b, Observations of Neptune from Voyager 2 (circles) 29 and from HST measurements (squares) 30 . The solid line is an empirical fit to the data 29 , constrained to zero at the poles. The cloud-level atmospheric circulations on Uranus and Neptune have a generally similar structure, despite the differences in solar insolation (Uranus has an obliquity of 98u, whereas that of Neptune is 29u), and internal heating (Neptune's internal/solar heating ratio is roughly1.6, whereas that of Uranus is only 0.06). Error bars represent cloud tracking and navigational errors [27] [28] [29] [30] .
Understanding the dynamical implications of these inferred DJ dyn 4 limit values requires knowledge of the zonal velocity structure. Because the planets are rapidly rotating, and Coriolis accelerations are dominant over inertial accelerations (small Rossby number), surfaces of constant angular momentum per unit mass will be nearly parallel to the axis of rotation 20, 21 . To leading order, this results in no interior flow crossing surfaces of constant angular momentum 3, 20, 21 , and thus the fluid motion can be only along cylinders parallel to the spin axis, although the zonal wind velocity can decay towards the high-pressure interior 20, 22 . We therefore assume that the zonal wind field has the general form u(r, h) 5 u 0 exp[(r 2 a)/H] where u 0 (r,h) is the observed northern and southern hemisphere average cloud level zonal wind ( Fig. 1) extended constantly along the direction of the axis of rotation (h is latitude), and H is an e-folding decay depth of the cloud-level winds representing the possible shear of the winds 8, 10 . H is a free parameter, and varying it systematically allows exploration of the dependence of the gravity harmonics on the vertical extent of the winds. Thus, when H?a the zonal wind is nearly constant along the direction of the axis of rotation, and as H is decreased the zonal velocity decreases more rapidly with depth 8, 10 . Because the dynamics are in the regime of small Rossby numbers, the flow to leading order is in geostrophic balance 23 , and therefore the thermal wind balance must hold so that
where V is the planetary rotation rate, u(r) is the full three-dimensional velocity and g 0 (r) is the mean gravity vector 20, 23 . Here the thermal wind balance is written in a general form without making any assumptions about the depth of the circulation 20 . Because the dynamics are a perturbation to the mean hydrostatic state, and the planets' deviation from spherical geometry is small (the equatorial radius is larger than the polar radius by 2.3% and 1.7% for Uranus and Neptune, respectively), we calculate the dynamical contribution to the gravity harmonics (DJ dyn n ) in spherical geometry. Thus, given the hydrostatic density r static (r) from interior models (for example, Fig. 3 ), the mean gravity g 0 (which is calculated by integrating r static radially) and the zonal velocity u(r,h), the dynamical perturbation density r9(r,h) can be calculated from the zonal component of equation (1), and will depend on the decay parameter H and an integration constant r' 0 (r). This integration constant has no contribution to DJ dyn n under spherical geometry, and has a negligible contribution in an oblate spheroid because r' 0 =r static (see Supplementary Information) .
Comparing the allowable range of DJ calculated by the dynamical model with different wind depths allows placing an upper limit on the depth of the zonal winds. These values are calculated by systematically varying the decay depth H between 10 km and 10 5 km (thus from very shallow winds, to winds nearly penetrating the depth of the planet), calculating the resulting density perturbations (equation (1)) and then calculating DJ dyn 4 by integration over the spherical domain. We repeated this analysis for all models in our ensemble of interior models for r static (r), as well as for interior models of r static (r) inferred from more complex equations of state 6, 16, 19 . All solutions lie between the blue curves in Fig. 4 for each of the planets.
Therefore, the largest possible depth of the flow where DJ dyn 4~4 |10
{6
for Neptune and DJ dyn 4~3 |10 {6 for Uranus occurs for shallow depths of roughly H 5 1,100 km for both planets (Fig. 4) . This means that the depth of the circulation on Neptune cannot exceed a pressure level of roughly 4,000 bar, which corresponds to the uppermost 0.2% of the total mass of the planet. Owing to the weaker winds on Uranus, the effect of the dynamics on DJ dyn 4 is smaller; however, because the planet is less massive the upper limit on the core size is lower ( Supplementary  Fig. 1 ), and therefore the maximum possible depth in Fig. 4 is similar to that of Neptune and corresponds to ,2,000 bar (which is roughly the outermost 0.15% of the planetary mass).
Previous studies using potential theory 6 have shown that full differential rotation along cylinders is impossible for Neptune because the resulting J 4 will be large and positive (,10
24
), whereas the observed value is negative. In the limit of deep winds (large H), our results for DJ dyn 4 match those results (Fig. 4) . Here however, by using a continuous range of zonal velocity decay depths, and using today's better known observed 4 kg m 23 reaching 30% of the planet's radius on Neptune (black) and 20% of the planet's radius on Uranus (red), and another model that does not have a constant density core. We used a suite of more than 3,000 profiles for Neptune and more than 1,500 profiles for Uranus, which are between these two extreme cases. All cases are constrained to match the planets' mass, J 2 , mean radius, and the atmospheric density and its derivative at 1 bar, but are not constrained to the observed J 4 (see Supplementary Information) . Density profiles based on three-layer models 6, 16, 19 were also used. given the other constraints. We allow the constant-density core to extend up to 30% of the planet's radius (Fig. 3) , its density to be up to 1.2 3 10 4 kg m 23 (refs 16, 17, 19) and J 2 to vary within the observed error estimates (see further details in Supplementary Information). A similar figure for Uranus appears as Supplementary Fig. 1 .
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values of J 4 (refs 14, 15), we provide much stronger constraints on the depth of the flow: we constrain the dynamics to the top few thousand bars, instead of the top few hundred thousand bars 6 . The confinement of the strong jets on Uranus and Neptune to a shallow weather layer implies that the dynamics controlling zonal jets are likely to come from shallow processes, rather than from deep columnar structures that penetrate through the planet. Nevertheless, internal heat may be significant in driving these jets, particularly on Neptune where the internal heat flux is 1.6 times stronger than the heating from the Sun 24 . Decay of the fast surface winds to small values within a shallow layer requires large horizontal density contrasts on isobars in the deep atmosphere. These could plausibly be provided by latent heating due to condensation of water at pressures of ,300 bar (ref. 2) .
It is important to note that our results are an upper limit to the depth of the dynamics, owing to the conservative approach taken here of using the widest range of reasonable interior models. These upper limits also hold when repeating the analysis with state-of-the-art three-layer interior structure models consisting of large ice/rock-rich cores 19 . Further understanding of the interior structures will probably narrow the range of possible J static 4 values, and thus confine the dynamics to be even shallower, although the precise constraint can depend on the details of the equation of state and density structure assumed. It is possible to imagine more complex dynamical scenarios (for example, where the depth of the winds varies in latitude). DJ dyn 4 is sensitive to the long-wavelength component of such variation, and, for this component, our results are robust and not model-dependent. In particular, the latitudinally averaged H must be smaller than the limits described in Fig. 4 . We find these results to be robust to within a few per cent even when considering uncertainty in the exact rotation period 25, 26 . Although current knowledge of the gravity fields of Jupiter and Saturn is not sufficiently precise for a similar analysis, expected observations from the low-flying Juno and Cassini orbiters will enable tighter constraints on their low-order gravity fields, and hence on the depth of their dynamics 8, 10 . obtained from the interior models ( Fig. 2 and Supplementary Fig. 1 ). Only solutions within the two dashed red lines are possible solutions for the dynamical contribution to J 4 , and therefore H must be limited to less than ,1,100 km for both Uranus and Neptune. On Uranus, this depth corresponds to a pressure of roughly 2,000 bar or the outermost 0.15% of the mass. For Neptune, this is equivalent to a pressure of roughly 4,000 bar or the outermost 0.2% of the mass. For lower values of H (not shown), all DJ dyn 4 values converge to zero. For each planet, the bottom half of the plot is the negative of the log-scale to reflect the negative numbers on a log-scale.
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